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Peptide membrane interactionAssembly of transmembrane domains (TMDs) is a critical step in the function of membrane proteins. In recent
years, the roleof speciﬁc amino acids in TMD–TMD interactions has been better characterized,withmore emphasis
on polar and aromatic residues. Despite the high abundance of proline residues in TMDs, contribution of proline to
TMD–TMD association has not been intensively studied. Here, we evaluated statistically the frequency of appear-
ance, and experimentally the contribution of proline, compared to other hydrophobic amino acids (Gly, Ala, Val,
Leu, Ile, and Met), with regard to TMD–TMD self-assembly. Our model system is the assembly motif (22QxxS25)
found previously in TMDs of the Escherichia coli aspartate receptor (Tar-1). Statistically, our data revealed that
all different motifs, except PxxS (P/S), have frequencies similar to their theoretical random expectancy within a
database of 41916 sequences of TMDs, while PxxS motif is underrepresented. Experimentally, using the ToxR
assembly system, the SDS-gel running pattern of biotin-conjugated TMDpeptides, and FRET experiments between
ﬂuorescence-labeled peptides, we found that only the P/S motif preserves the dimerization ability of wild-type
Tar-1 TMD. Although proline is known as a helix breaker in solution, Circular Dichroism spectroscopy revealed
that the secondary structure of the P/S and the wild-type peptides are similar. All together, these data suggest
that proline can stabilize TM self-assembly when localized to the interaction interface of a transmembrane
oligomer. This article is part of a Special Issue entitled: Interfacially Active Peptides and Proteins. Guest Editors:
William C. Wimley and Kalina Hristova.
© 2014 Elsevier B.V. All rights reserved.1. IntroductionMembrane receptor proteins play a signiﬁcant role in mediating signal
transduction across themembrane bilayer. This vital information is usually
transferred as a result of conformational changes of the protein. Oligomer-
ization is one of the most documented examples of such a change [1,2].
Receptor oligomerization is mainly mediated by the extracellular or intra-
cellular domains. However, considerable data have been accumulated
concerning the causal involvement of the transmembrane domains
(TMD) in this process as well [3–7]. In contrast to the soluble regions of
membrane proteins, our knowledge of the factors that control protein–pro-
tein interaction and recognition of the membrane-embedded domains is
still limited.
In recent years, the role of speciﬁc residues in TMD–TMD interactions
has been better characterized and various patterns of polar and hydropho-
bic amino acid motifs have been proposed [8–13]. However, despite the
presence and the involvement of proline in the function of membranelly Active Peptides and Proteins.
gy and Immunology, Faculty of
eer-Sheva, Israel. Tel.: +972 8proteins [14–18], its direct contribution to helix–helix interaction within
the membrane, compared with other hydrophobic amino acids, has not
been intensively studied. Structurally, proline is unique among the 20
amino acids because its side chain cycles back to the backbone amide,
thus lacking the proton necessary for hydrogen bond formation, therefore
inducing a kink in theprotein backbone structure. Inwater-soluble proteins
and peptides, proline is generally considered a helix breaker. A few antimi-
crobial peptides are known to contain conserved proline residues that con-
ﬁrm structural ﬂexibility to the peptides and allow them to get only
partially inserted into the membrane environment. In membrane embed-
ded proteins, however, the structure induced by proline can vary from
breaks tomerely kinks of the helix and is determined by the structural con-
text of the TMD and the speciﬁc position of the proline residue [11,19–23].
Proline is widely distributed in the putative TMDs of many integral
membrane proteins such as the low-density lipoprotein receptor,
the insulin receptor, and many transport proteins [14,15,24]. It has
been suggested that proline in TMDs of transport proteins serves as a
“switch” between the different conformations adopted by the protein
in different steps of its transport cycle by cis-trans isomerization of
proline [16,19,25,26]. Interestingly, analysis of TMD sequences from
Human Gene Mutation Database reveals that mutations of proline
have one of the highest phenotypic propensities [27]. This suggests
Table 1
Sequences of the TM domain that were inserted between the ToxR tran-
scription activator and the maltose-binding protein in the ToxR-MalE
plasmid.
TM Domain Sequencea,b,c,d
Tar-1 WT 13MVLGVFALLQLISGSL28
Tar-1 A/S 13MVLGVFALLALISGSL28
Tar-1 G/S 13MVLGVFALLGLISGSL28
Tar-1 L/S 13MVLGVFALLLLISGSL28
Tar-1 V/S 13MVLGVFALLVLISGSL28
Tar-1 I/S 13MVLGVFALLILISGSL28
Tar-1 M/S 13MVLGVFALLMLISGSL28
Tar-1 P/S 13MVLGVFALLPLISGSL28
a Amino acids are numbered according to their position in the WT
protein (swissprot p07017).
b The amino acids in the positions of the dimerizationmotif are in bold.
c Mutations in the Tar-1 TMD are bold and underlined.
d The nomenclature of the TMDs represents the two amino acids
replacing the original polar residues glutamine and serine of the WT
sequence at positions 22 and 25, respectively.
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in the activity of membrane proteins.
The ﬁrst indication of the involvement of proline in TMD self-
assembly was reported in a study that examined patterns that stabilize
helical oligomers in a Glycophorin A randomized library [28]. Excluding
glycine from the design of this library resulted in enrichment of proline
together with serine and threonine in motifs that exhibit strong helix
association. Additional evidence that supports the assumption that
proline may be involved in TMD association is the ﬁnding that proline
has the second highest packing value in membrane proteins following
glycine [21], which indicates that it is often tightly packed in the struc-
tures of natural proteins.
To explore the contribution of proline to TMD associations, com-
pared to other hydrophobic amino acids, we ﬁrst statistically evaluated
the appearance of ZxxS motifs (where Z = Gly, Ala, Leu, Ile, Val, Mat,
or Pro) in a database that contains 41,916 bacterial TMD with lengths
ranging between 15 and 30 amino acids. A similar motif (QxxS) has
been shown to form a homodimer through by forming hydrogen
bonds within the Escherichia coli aspartate receptor TMD (Tar-1) [29].
In this study we also used several complementary methods including
(i) the ToxR assembly system, which can detect protein–protein inter-
actions within the E. coli membrane environment; (ii) the SDS-gel
running pattern of biotin-conjugated TMD peptides; (iii) the FRET ex-
periment between ﬂuorescence-labeled peptides; and (iv) analysis of
the frequencies of occurrence of the ZxxS motifs in a bacterial TMD
database where Z is proline or one of the other hydrophobic amino
acids (Gly, Ala, Val, Leu, Ile, and Met). In addition, the secondary struc-
ture of a syntheticWT TMDwas compared to that of the prolinemutant.
The results are discussed with regard to the contribution of proline to
TMD self-assembly.
2. Materials and methods
2.1. Construction of the ToxR chimeras
A NheI-BamHI TM-DNA cassette encoding 16 residues of the Tar-1
WT TMD (13MVLGVFALLQLISGSL28) was inserted between the ToxR
transcription activator and the E. coli maltose binding protein (MalE)
within the ToxR-MalE plasmid. Point-mutations of Tar-1 were done in
Gln at positions 22 (Table 1). The sequences of all the constructs were
conﬁrmed by DNA sequencing. The nomenclature of the TMDs repre-
sents the two amino acids located in the positions of the original polar
residues of the QxxS motif.
2.2. In vivo detection of homo-dimerization of TMD domains within
the membrane
The ToxR transcription activator can be successfully used to assess
weak protein–protein interactions within the E. coli membrane. A
Tar-1 TMD encoding the DNA cassette was grafted between the ToxR
transcription activator and the maltose binding protein in the ToxR-
MalE plasmid. The plasmid was then transformed into E. coli FHK12
cells that contain β-galactosidase, under the control of a ctx promoter.
Dimerization of the TMDs, in this system, results in association of
the ToxR transcription activator, which then becomes active and
is able to bind the ctx promoter [30]. Quantiﬁcation of the level
of homo-dimerization was done by measuring the activity of the
β-galactosidase reporter gene and by normalizing it to the cell protein
content (OD590) (miller units). The baseline activity of a negative con-
trol ToxR'A16, which remains a monomer, was subtracted from all the
results. The transformed cells were grown in the presence of chloram-
phenicol for 18 h at 37 °C. β-galactosidase activities were quantiﬁed in
crude cell lysates after adding ο-nitrophenylgalactosidase and
by monitoring the reaction at 405 nm for 20 min, at intervals of 30 s
at 28 °C by a Molecular Devices kinetic reader [30,31]. Speciﬁc
β-galactosidase activities were calculated from the Vmax of the reaction.2.3. ToxR-TM-MalE chimera protein expression levels
Western blot analyses were performed for any mutant tested.
Aliquots of 10 μl FHK12 cells, each with a different plasmid or in the
presence of a different peptide, weremixedwith a sample buffer, boiled
for 5 min, separated on 12% SDS-PAGE, and then transferred to the
nitrocellulose membrane. The primary antibody used was anti-Maltose
binding protein. The detectionwas donewith a “Phototope-HRPWestern
Blot Detection System” from Cell Signaling Technology.
2.4. Maltose complementation assay
Membrane insertion and correct orientation were examined as
previously described [32]. Brieﬂy, PD28 cells, transformed with the dif-
ferent plasmids, were cultured overnight. The cells were then washed
twice with PBS and used to inoculate M9 minimal medium including
0.4% maltose at a 200-fold dilution. The growth of the cells was
measured at different time points by a spectrophotometer at 650 nm.
2.5. Peptide synthesis and puriﬁcation
Peptides were synthesized by the Fmoc solid-phase method on a
Rink amide MBHA resin. The peptides were cleaved from the resin by
triﬂuoroacetic acid (TFA) and were puriﬁed by RP-HPLC on a C4 reverse
phase Bio-Rad semi-preparative column (250× 10mm, 300 Å pore size,
5 μm particle size). The puriﬁed peptides were shown to be homoge-
neous (N95%) by analytical HPLC. The peptides' compositionswere con-
ﬁrmed by electrospray mass-spectrometry. Lysine residues were added
to the N- and C-termini of the peptides to confer water solubility to the
hydrophobic TMDs [33,34]. It was previously shown that hydrophobic
peptides conjugated to lysines tags were correctly oligomerized and
inserted into the membrane [33–35].
2.6. Circular Dichroism (CD) Spectroscopy
The CD spectra of the peptides were measured in an Aviv 202 spec-
tropolarimeter. The spectra were scanned with a thermostated quartz
optical cell with a path length of 1 mm. Each spectrum was recorded
at 1-nm intervals with an average time of 10 s, at a wavelength range
of 260 to 190 nm. The peptides were scanned at a 100 μMconcentration
in 1% LPC micelles. Fractional helicities [36,37] were calculated as
follows:
θ½ 222− θ½ 0222
θ½ 100222− θ½ 0222
; ð1Þ
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at 222 nm, and values for [θ]2220 and [θ]222100, corresponding to 0%
and 100% helix content at 222 nm, are estimated to be −2000 and
–32,000 deg cm2/dmol, respectively [36].
2.7. Statistical analysis
The analysis of the frequencies of occurrence of theGxxS, AxxS, LxxS,
IxxS, VxxS, MxxS and PxxS motifs was performed on a bacterial TMD
database. The source of the TMD sequences was the annotated non-
redundant database Swiss-Prot. The database contains 41,916 bacterial
TMD with lengths ranging between 15 and 30 amino acids. The occur-
rences of the differentmotifs in the databasewere counted. The average
expected frequency of occurrenceswas calculated by counting thenum-
ber of motif occurrences in 100 randomized databases. Randomization
of the database was achieved by combining TMDs' sequences of a
particular length into one long string of characters, which was then
shufﬂed randomly and re-cut into the original length.
2.8. Peptide labeling with biotin and ﬂuorescent dyes
The Fmoc protecting group was removed from the N-terminus
of the resin-bound peptides by incubation with piperidine (20%
in DMF) for 12 min, whereas all the other reactive amine groups
of the attached peptides were kept protected. The resin-bound pep-
tides were washed twice with dimethylformamide (DMF), and then
treated with N-hydroxysuccinimide esters of Biotin, ﬂuorescein, or
Rhodamine-TAMRA (1 mg each), in anhydrous DMF containing 2%
N,N-diisopropylethylamine (DIEA), leading to the formation of a
resin-bound N-terminally labeled peptide. After 24 h, the resin was
washed thoroughly with DMF and then with methylene chloride
(DCM). The labeled peptides were cleaved from the resin and puri-
ﬁed as described above (peptide synthesis and puriﬁcation section).
2.9. SDS-PAGE of biotin-labeled peptides
Biotin-labeled peptide samples (1 μg) were dissolved in SDS-
containing sample buffer, boiled for 5 min, separated on 16% SDS-
PAGE gels, and then transferred to PVDF membrane. The detection
was done using anti-biotin antibody.
2.10. Förster Resonance Energy Transfer (FRET) measurements
FRET experiments were performed by using ﬂuorescein-labeled
peptides serving as energy donors and Rhodamine-TAMRA labeled
peptides serving as energy acceptors [38]. Fluorescence spectra were
obtained at room temperature, with the excitation set at 439 nm, and
emissionwasmeasured at 520nm. Liposomeswere prepared bymixing
dry lipids in CHCl3/MeOH (2:1 v/v) to make PE/PG (7:3 w/w) composi-
tion. The solvents were then evaporated under a nitrogen stream, and
the lipidswere subjected to a vacuum for 1 h. The resulting lipid disper-
sions were resuspended in the 10 mM sodium phosphate buffer (pH 7)
with 500 mM NaCl and 0.1 μM of donor- and/or acceptor-labeled pep-
tides by vortexing, and sonicated in a bath-type sonicator (G1125SP1
Sonicator, Laboratory Supplies Co., Inc., New York) until the turbidity
had cleared. Peptide-to-lipid ratio was 1:500. Liposomes containing
only donor-labeled peptides served as the no FRET control. The efﬁciency
of energy transfer (E) was determined by measuring the decrease in the
quantum yield of the donor as a result of the presence of the acceptor. E
was determined experimentally from the ratio of the ﬂuorescence
intensities of the donor in the presence (IDA) and the absence (ID) of
the acceptor, at 520 nm. The percentage of transfer efﬁciency, (E), is
given by:
E %ð Þ ¼ ID−IDAð Þ=ID½ x100: ð2ÞSubtracting the signal produced by the acceptor-labeled analog
alone corrected the contribution of the acceptor emission as a result of
direct excitation. The contribution of buffer and vesicles was subtracted
from all measurements.3. Results and discussion
3.1. Homo-oligomerization of different Tar-1 TMDs mutants
In this study we mutated the Gln of the assembly motif to different
hydrophobic amino acids. The sequences of themutated TMDs are listed
in Table 1. Using the ToxR assay, we found that all the listed TMD
mutants, except for the mutant with Gln to Pro substitution (Tar-1 P/S),
exhibited similar low dimerization activity (around 30%), which was
probably retained from the hydrogen bond between the serine residues
(Fig. 1). Interestingly, replacement of Gln by Pro showed dimerization
ability similar to that of Tar-1 wild type.
To exclude the possibility that the difference between the dimeriza-
tion activities of the constructs resulted from different expression levels
of the chimera proteins, or alternatively, from a failure of the constructs
to properly insert into the membrane, we performed Western blotting
and maltose complementation assays (Fig. 1B and C, respectively). The
expression levels of the chimera proteins were similar to the Tar-1
WT. Correct integration of the ToxR-TM-MalE chimera proteins into
the inner membrane of E. coliwas assessed by examining the ability of
the mutants to functionally complement a MalE-deﬁcient E. coli strain
(PD28) [32]. Since PD28 cells are unable to grow on minimal medium
containing maltose as the only carbon source, only cells that express
the chimera protein in the right orientation (MalE pointing toward the
periplasm) will be able to utilize maltose and thus allow cell growth.
All constructs exhibited similar rates of cell growth, indicating proper
membrane integration (Fig. 1C). A construct with a deleted TMD
(ΔTMD) served as a negative control, since it was expected to reside
in the cytoplasm and therefore was unable to complement the MalE
deﬁciency.3.2. Statistical analysis
A correlation between over- or under-representation of speciﬁc
motifs in TMDs and helix–helix interactions was previously found
[39]. Therefore, we analyzed the frequency of occurrence of the ZxxSer
sequences (where Z = Gly, Ala, Leu, Ile, Val, Mat, or Pro). The analysis
was done in a broad set of bacterial TMDs. Our results indicate that all
different motifs, except PxxS, are within the range of their random dis-
tribution ratiowithin a database of 41,916 sequences of TMDs (Table 2).
The PxxS motif, however, was found to be signiﬁcantly less than its
average random expected occurrence (Table 2). A similar difference
was found for the GxxxG and the QxxS motifs [29]. Taken together,
these results suggest that the PxxSmotif has a speciﬁc function, possibly
as a dimerization motif, although other yet unknown functions are also
possible.3.3. Secondary structure determination using Circular Dichroism (CD)
spectroscopy
Proline is known as a helix breaker, although mainly when present
in soluble proteins. Therefore, we determined whether the secondary
structures of Tar-1 WT, P/S and A/S peptides are different in micelles
(1% SDS) by using circular dichroism spectroscopy. The CD spectral pro-
ﬁles of both Tar-1WT and P/S peptides revealed similar structures with
double minima at ~208 nm and 222 nm, characteristic of an α-helical
secondary structure (Fig. 2). Thus, the mutation of Gln to Pro did not
alter the TMD structure. However, Tar-1 A/S peptide, showed a different
and more complex spectra which has a partial α-helical structure.
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Fig. 1. Hydrophobic mutations in the Tar-1 wild-type TMD domain. (A) Cells expressing
ToxR-TM-MalE chimeras were examined for dimerization activity (normalized relative
to the WT Tar-1 TMD activity). All values are the average of at least three independent
repeats. Error bars represent the estimated standard deviation. The exact TMD sequences
are indicated in Table 1. (B) Comparison of the expression levels of the ToxR-TM-MalE chi-
mera proteins (65 kDa). Samples of FHK12 cells containing different sequences of Tar-1
within the ToxR-MalE chimera protein were lysed in sodium dodecyl sulfate-sample buff-
er, separated on 12% SDS-PAGE, and then immunoblotted using anti-MBP antibody. The
chimera proteinmutants showed expression levels similar to theWT TMD. (C) Correct in-
tegration of the ToxR-TM-MalE chimera proteinswas tested by their ability to functionally
complement the MalE deﬁciency of PD28 cells. PD28 cells were transformed with Tar-1
WT (◊), Tar G/S (●), Tar A/S (□), Tar L/S (▲), Tar I/S (○), Tar V/S (+), Tar M/S (■), Tar
P/S (♦), and ΔTM (△) plasmids, and were grown inminimal medium containingmaltose.
All constructs showed growth curves similar to Tar-1 WT, indicating proper membrane
integration. The negative control with deleted TMD (ΔTM) showed no growth.
Table 2
Actual and the average expectednumber of occurrences of the speciﬁcmotifs in a bacterial
TM database.
Motif Occurrences Expected STDa P valueb Ratio
GxxS 3231 3546 52 0 0.91
AxxS 4141 4363 50 3E−10 0.95
LxxS 6639 6524 68 0.016 1.01
IxxS 4804 4487 54 2.2E−16 1.07
VxxS 4192 4081 62 0.011 1.03
MxxS 1377 1339 38 0.16 1.03
PxxS 923 1148 32 0 0.8
a STD is the standard deviation of the expectation distribution curves.
b Signiﬁcance is indicated by the p values calculated as ERFC(x).
Fig. 2. CD spectra of the peptides in SDS micelles. Far-UV Circular Dichroism spectra of Tar-1
TM WT peptide (△), P/S peptide (♦) and A/S peptide (□) in 1% SDS in 1% SDS. Spectra
were measured on an Aviv spectropolarimeter at 0.2-nm intervals with a 10-second
average time, using a 0.1-cm light path.
2316 N. Sal-Man et al. / Biochimica et Biophysica Acta 1838 (2014) 2313–23183.4. The self-assembly of Tar-1 WT and its mutants revealed by SDS gels
SDS gels were used to analyze the oligomeric state of Tar-1 WT
peptide compared to Tar-1 P/S peptide. We used Tar-1 A/S peptide as
a control, since this TMD sequence demonstrated signiﬁcantly reduced
dimerization ability compare to the WT and P/S TM sequences, when
examined using the ToxR assembly system. Tar-1 G/I peptide was
also used as a control for monomers since both amino acids of the
motif were mutated [40]. The TMD peptides were ﬁrst labeled with
biotin, which allowed the detection of the oligomeric state of the pep-
tides using anti-biotin antibody (peptide sequences are presented
in Fig. 3B). The peptides were separated on 16% SDS-PAGE, and then
immunoblotted against biotin. Analysis of the runningpatterns revealedAS WT PS GI A 
B 
Fig. 3. Peptide self-assembly detected by SDS gel. (A) Biotin-labeled TMD peptides were
subjected to immunoblotting with anti-biotin antibody. 1 μg of each peptide was loaded.
(B) Sequences of the different TMD peptides. The amino acids in the positions of the
dimerization motif are in bold. Mutations in the Tar-1 TMD are underlined.
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Fig. 4. Fluorescence energy transfer (FRET) analysis of the Tar-1 peptides. (A) Representative
ﬂuorescence emission spectra (λexc = 439 nm, λem = 520 nm) of the 0.1 μM Tar-1 WT
ﬂuorescein-peptide in the absence (continuous thick line) and in the presence of the
0.1 μM Tar-1 WT-rhodamine peptide (dashed line). A 1:500 acceptor-to-lipid molar
ratio was used. (B) Fluorescence emission spectra of the 0.1 μM Tar-1 A/S-ﬂuorescein
peptide in the absence (continuous thick line) and in the presence of the 0.1 μM Tar-1
A/S-rhodamine peptide (dashed line). (C) Fluorescence emission spectra of the 0.1 μM
Tar-1 P/S-ﬂuorescein peptide in the absence (continuous thick line) and in the presence
of the 0.1 μM Tar-1 P/S-rhodamine peptide (dashed line). (D) Percentage of decrease in
ﬂuorescent intensity of Tar-1 WT, A/S, and P/S peptides.
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three oligomeric assemblies, corresponding in size to monomer, dimer,
and tetramer (Fig. 3A). The ratio between the different bands correlates
well with the dimerization activity that was previously detected for
Tar-1 WT TMD relative to Glycophorin A (50–60% [40]). In comparison,
a singular band was detected for the Tar-1 G/I and the Tar-1 A/S
peptides. The size of the band corresponds to a monomer (Fig. 3A).
This correlateswith the lowdimerization activities of the corresponding
mutants within the ToxR system. Interestingly, P/S peptide showed a
running pattern similar to the Tar-1 WT peptide containing three
major bands: monomer, dimer, and tetramer. In addition, we observed
a smeared band at the upper part of the gel that most likely resulted
from non-speciﬁc aggregation of the peptide. We believe that due to
this aggregation tendency of the P/S peptide, its biotin signal is much
weaker compared to the other peptides. Note, that the three P/S bands
run slightly faster than the corresponding bands of the Tar-1 WT pep-
tide. This is probably due to a slight charge difference between the P/S
and the Tar-1 WT peptides [41]. All together, the running pattern ob-
served for the TMD peptides correlates with the dimerization levels ob-
served by the ToxR assembly system. Unfortunately, the ToxR assembly
system can only distinguish between monomers and higher assemblies
but cannot indicate the exact number of the helices participating in the
complex.
3.5. Self-assembly measured by energy transfer
To further investigate the contribution of proline to the TMD–TMD
interactions we used ﬂuorescence energy transfer (FRET) assay. The
peptides were ﬂuorescently labeled with ﬂuorescein as the donor
ﬂuorophore and rhodamine-TAMRA as the acceptor ﬂuorophore and
the energy transfer between the peptides were measured. The assay
was performed in a lipid environment of negatively charged PE/PG lipids
(7:3 w/w). This phospholipid composition is typical of the E. coli inner
membrane [42]. The Tar-1 WT ﬂuorescein-peptide showed about 45%
energy transfer in the presence of the Tar-1 WT rhodamine-peptide at
an acceptor-to-lipid ratio of 1:500 (Fig. 4A), indicating an interaction
between the two peptides. In contrast, the energy transfer measured
between the ﬂuorescein-labeled Tar-1 A/S peptide and the rhodamine-
labeled Tar-1 A/S peptide was only 18%. This result is in agreement
with the low ability of the Tar-1 A/S TMD mutant to self-assemble in
the ToxR system (Fig. 3B). The highest energy transfer was observed
for the Tar-1 P/S mutant peptide (~55%, Fig. 4C). This result veriﬁed
that TMD that contains proline in its interaction interface can self-
associate and stabilize oligomer complexes.
4. Concluding remarks
In this study we used the well-deﬁned structural arrangement of
Tar-1 TMD to disclose the contribution of a proline residue to TMD
self-assembly. Based on our data we concluded that proline residue
can stabilize TMD dimerization when localized to the interaction inter-
face of the dimer. Our conclusion is based on the following results:
(i) Mutation of the Gln residue of the QxxS dimerization motif to Pro
had only a minor effect on the oligomerization, as has been monitored
by the ToxR assembly system. Mutations in this position to any other
hydrophobic amino acid, however, resulted in a signiﬁcant reduction
in the propensity of the TMD to dissociate; (ii) A Tar-1 peptide contain-
ing Gln to Pro replacement (Tar-1 P/S) exhibited a running pattern sim-
ilar to the Tar-1WT TMD peptide in SDS-PAGE, indicating the formation
of similar oligomers by the two peptides. A TMD peptide that contained
a mutation of the Gln to Ala (Tar-1 A/S), however, run as a monomer;
and (iii) FRET experiments demonstrated that Tar-1 WT and Tar-1 P/S
peptides self-associate in vitro within model phospholipid membranes,
whereas the Tar-1 A/S TMD peptide exhibits signiﬁcantly reduced self-
association. These results, together with the statistical analysis, suggest
that proline can be involved in the TMD–TMD interactions of manymembrane proteins. A possible explanation for this ﬁnding is as follows:
The results of the CD spectroscopy demonstrated that insertion of Pro
residue into the TM domain had no effect on the secondary structure
of the helix. Furthermore, the insertion of a glycine residue, which also
permits helix bending, could not stabilize helix association. These data
suggest that the role of proline is not to distort the helix backbone but
rather to free its carbonyl oxygen atom. This may allow the formation
of interhelical hydrogenbondwith thepolar side chain of serine, located
on the corresponding TM helix.Acknowledgments
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